Infection with Neospora caninum stimulates host cell-mediated immune responses, which may be responsible for placental damage leading to bovine abortion. The aim of this study was to compare immune responses in the bovine placenta, following experimental infection in different stages of pregnancy. Placentomes were examined by immunohistochemistry and inflammation in early gestation was generally moderate to severe, particularly in the placentas carrying non-viable foetuses, whereas it was milder in later stages, mainly characterised by the presence of CD3 + , CD4 + and γδ T-cells. This distinctive cellular immune response may explain the milder clinical outcome observed when animals are infected in later gestation.
Bovine abortion is one of the major constraints to the livestock industry and Neospora caninum is recognised as a major cause of reproductive loss in cattle [1] . The pathogenesis of bovine neosporosis is complex and only partially understood, and the reasons why only some animals abort remain unclear [2] . In just a few days following experimental infection of pregnant dams, N. caninum can cause lethal lesions in brains and hearts of foetuses [3] . In addition, there is evidence that infection with N. caninum triggers a Th1-type immune response at the materno-foetal interface along with release of pro-inflammatory cytokines [4] . This type of immune response, if exacerbated in the placental tissues, could be detrimental to the pregnancy by initiating an inflammatory process which can damage the placenta and disrupt the vascular supply of nutrients, leading to abortion [5] [6] [7] . Therefore, in some cases, the foetus might be killed by the shift from a homeostatic maternal Th2-type towards a detrimental Th1-type immune response during gestation as has been demonstrated in mice [8] .
The aim of this study is to compare the cellular infiltrate into the placental tissues in pregnant cattle experimentally inoculated with N. caninum in early (day 70), mid (day 140) and late gestation (day 210), in order to explain the different clinical outcomes previously reported [6, 7, 9] . A summary of these studies is available in Additional file 1.
Animals were sacrificed at 2, 4, 6 and 8 week intervals following experimental inoculation. Immediately after euthanasia, three, five and ten randomly selected placentomes were sampled from the animals inoculated respectively at day 70, 140 and 210 of gestation and fixed in zinc salts fixative (ZSF) (pH 7.0-7.4). After three days of fixation, tissues were paraffin wax-embedded. The phenotype of the cells present in the inflammatory infiltrate following inoculation with N. caninum in early [10] , mid and late [11] gestation was carried out, using immunohistochemistry (IHC) with monoclonal antibodies (mAbs) recognizing different bovine immune cell subsets (see Additional file 2). All the IHC slides were assessed using a previously reported scoring methodology [11, 12] .
The individual scores from randomly sampled placentomes were used to calculate a single mean score for each animal, similar to previous descriptions [11] . Given the limited group sample sizes, culling time effects were assumed to be non-significant and pooled data were used in all experiments. For each cell type, Mann-Whitney tests were used: (1) to assess differences in scores between N. caninum-inoculated (from now on termed "challenged") and negative control (from now on termed "control") dams, and (2) to compare scores between dams carrying a dead foetus or having an empty uterus in the time of post mortem examination (from now on termed "non-viable") and those carrying a live foetus (from now on termed "viable"). Overall comparisons of scores between gestational stages were conducted by Kruskal-Wallis tests, followed by Mann-Whitney tests (FDR-adjusted p-values) for pair-wise comparisons. A 5% significance level was considered for all statistical tests. The immune cell infiltration of placentomes from dams challenged at day 70 was already described by Maley et al. [10] and was reassessed and scored for the current work as reported previously [11] . IHC was performed and infiltration scores were assessed in placental samples collected at day 140 of gestation. Statistical analysis was carried out to compare the new data with those reported for 210 days of gestation [11] . Examples of CD3 + , CD4 + , CD8
+ and γδ T lymphocyte infiltration in the placentomes from challenged dams in early, mid and late gestation are presented in Figure 1 . Results of the comparison between early, mid and late gestation for each immune cell type are shown in Additional file 3. The mean and standard errors of the mean (SEM) of the In early gestation the CD68 + cell scores were higher in placentomes from challenged animals than in controls (p = 0.016), although no differences were established between the placentas carrying viable and non-viable foetuses (p > 0.05). In mid gestation, no differences in CD68 + scores were detected between placentomes from challenged and control dams (p = 0.091). Overall differences were established for CD68
+ scores between challenged dams in early, mid-and late pregnancy (p = 0.019); but when pair-wise compared, differences were only detected between early and late gestation (p = 0.015). Overall the scores from control dams in the three stages of gestation were not different.
In early gestation the CD3 + cell scores were higher in placentomes from challenged dams than in those from controls (p < 0.001) and in those from dams carrying non-viable foetuses than in those carrying viable foetuses (p = 0.008). In mid gestation, the CD3 + cell scores were higher in placentomes from challenged dams than in those from controls (p = 0.020). Overall inter-experiment differences in CD3 + scores from challenged animals were established (p < 0.001), and pair-wise comparison showed that CD3 + scores were higher in early (p < 0.001) and midgestation (p = 0.024) compared to late gestation. Overall differences were also found in CD3 + scores in the placentomes from control dams in the three stages of gestation (p = 0.003).
In early gestation the CD4 + scores were higher in the placentomes from challenged dams than in the controls (p < 0.001). CD4 + scores in challenged dams carrying non-viable foetuses were higher compared to the ones carrying viable foetuses (p = 0.043). In mid gestation, there were no CD4 + scores differences between challenged and controls (p > 0.05). Overall inter-experiment scores were found to be different between placentomes from the challenged dams from the three stages of gestation (p < 0.001), although when pair-wise analysed, higher scores were only found in early gestation compared with the late gestation (p < 0.001). In the controls, overall CD4 + scores were also different in three stages of gestation (p = 0.005).
In early gestation higher CD8 + scores were found in the placentomes from challenged animals than in the controls (p = 0.003), and challenged dams carrying nonviable foetuses had higher CD8 + scores than those carrying viable foetuses (p = 0.006). No differences were observed in the CD8 + scores between challenged and control dams in mid gestation (p > 0.05). Overall CD8 + scores from challenged animals were different between the three stages of gestation (p < 0.001). When they were pair-wise analysed, scores were only higher in Table 1 Mean (± SEM) of immune cell infiltration scores on placentomes collected from N. caninum-inoculated ("challenged") and negative control ("control") dams in early, mid and late gestation early (p < 0.001) and mid gestation (p = 0.016) when compared with late gestation. No overall differences were observed in the CD8 + T cell scores in the placentomes from control dams (p > 0.05).
In early gestation higher γδTCR + scores were found in the placentomes from challenged cows than in the controls (p = 0.016), and these were higher in challenged dams carrying non-viable foetuses than in those carrying viable foetuses (p = 0.005). In mid gestation, higher γδTCR + scores were found in the placentomes from challenged cows than in controls (p = 0.018). Overall interexperiment scores were compared for the challenged animals and differences were established for γδTCR + between the three stages of gestation (p < 0.001); when pair-wise compared, higher scores were only found in early (p < 0.001) and mid (p = 0.005) gestation compared with the late stage. Overall, inter-experiment γδTCR + scores were different in the placentomes from control dams in the three stages of gestation (p = 0.004).
In early gestation NK scores were higher in the placentomes from challenged dams than in the controls (p = 0.002) and in the same period, higher NK scores were found in the challenged animals carrying non-viable foetuses than in those carrying viable foetuses (p = 0.001). In mid gestation, NK scores were also higher in the placentomes from challenged dams than in those from controls (p = 0.018). When overall NK scores were contrasted in challenged dams in the three stages of gestation, differences were found (p = 0.019); nevertheless, when they were pair-wise compared, higher scores were established between early and late gestation (p = 0.040). Overall differences were observed in the NK scores found in placentomes from control dams in the three stages of gestation (p = 0.004).
In early and mid gestation no differences were observed in the CD79 αcy + scores in placentomes from challenged and controls dams (p > 0.05). However, CD79 αcy + scores were lower in placentomes from challenged dams in early gestation carrying non-viable foetuses than in those carrying viable foetuses (p = 0.009). Overall there were differences in the CD79 αcy + score comparison between challenged animals in the three stages gestation (p = 0.019); however, when they were pair-wise contrasted, differences were only detected between early and mid gestation (p = 0.045), and between mid and late gestation (p = 0.023). No overall differences were observed in the CD79 αcy + scores in placentomes from control dams in the three stages of gestation (p > 0.05).
Discussion
Previous studies have hypothesised that the placental cellular immune response may play a major role on the pathogenesis of bovine neosporosis [13, 14] . However, very few studies have been carried out in different stages of gestation and they were usually generating qualitative data [10, 13] . The present study produced semi-quantitative data allowing for the first time a comparison of the consequences of N. caninum infection at different stages of bovine gestation. However, we cannot rule out that the results obtained in this study were influenced by different breeds used in the three experiments [6, 7, 9] as differences in susceptibility to Neospora infection have been observed among livestock breeds in some surveys [15] .
Using this new scoring methodology we were able to establish clear differences in the placental inflammatory infiltrate from animals infected with Neospora in different stages of gestation. Moreover, in early gestation these differences were evident in placentas carrying viable or non-viable foetuses. These data strongly support the hypothesis of immune-mediated pathogenicity of bovine neosporosis.
Higher macrophage scores were found in the Neospora infected animals in early gestation, when compared with later in gestation. This heavier infiltrate could trigger an intense adaptive immune response leading to injury of the maternal-placental junction and later endanger the foetus [16] . More studies are needed to further characterize this CD68 + cell population, and possibly differentiate the infiltration of M1 and M2 subtypes [17] .
A positive association between several T lymphocyte (CD3, CD4, CD8 and γδ) subsets and occurrence of abortion was also established in the current study. These cells play a role in the development and maintenance of a Th1 biased response [16, [18] [19] [20] [21] that has been suggested to be dangerous to pregnancy and foetal survival [4, 16, 20] .
The results presented in this paper, improve the understanding of the immunopathogenesis of bovine neosporosis. However, more studies aimed in the further characterisation of this immune response and evaluation of the role of pro-inflammatory cytokines is needed in order to extend the understanding of this disease.
Additional files
Additional file 1: Summary of findings of the previous experiments. Clinical findings and transplacental infection results following experimental inoculation with N. caninum at early, mid and late gestation.
Additional file 2: mAb used to identify different immune cell phenotypes in the placentomes. List of the mAb used to overnight incubate the placentomes during the IHC.
Additional file 3: Infiltration scores in placentomes from negative control and N. caninum-inoculated cows. Mean infiltration score for placentomes collected from negative control (black bars) and N. caninum inoculated (grey bars) cows during the early, mid and late gestation experiments. Error bars indicate standard error of the means.
